Objective. To assess benefits of mindfulness meditation and cognitive behavioral therapy (CBT)-based intervention for opioid-treated chronic low back pain (CLBP).
Introduction
Chronic low back pain (CLBP) is common, disabling, costly, and often refractory to currently employed treatments [1] [2] [3] . It is the leading non-cancer chronic pain condition for which long-term opioids are prescribed [4] . Although long-term opioids can be helpful, their use is controversial. They are often only marginally effective for chronic pain, and can cause dose-dependent harm including death, hyperalgesia, and addiction [5] [6] [7] [8] . These observations highlight the need for alternative treatment modalities, especially for patients affected by refractory CLBP, requiring opioid therapy. Multimodal approaches, including those that incorporate complementary and integrative health approaches (e.g., mind-body modalities) are a recommended strategy for chronic pain, and are of high interest to patients with CLBP [9, 10] .
Mindfulness meditation ("meditation") is a safe mindbody modality used to train non-judgmental awareness and attention to present-moment experience (e.g., emotions, thoughts, or bodily sensations such as pain). Originally developed over three decades ago for mitigating chronic pain and stress [11] , Mindfulness-Based Stress Reduction has become the most common meditation program used for improving health and well-being in clinical settings [12] . With expert opinions indicating that effectiveness can be enhanced by combining meditation with specialized, evidence-based strategies targeting the specific condition in question [13] , "targeted" programs have emerged, many of them combining meditation and elements of other cognitive behavioral therapies (CBT) [14] [15] [16] [17] . The combination of meditation and CBT is especially of interest for treating CLBP as CBT is already a component of the prevailing "standard of care" for this condition, and the addition of meditation to CBT may have added benefit [13] , even for those with treatment-refractory pain, such as opioid-treated CLBP.
Research shows that meditation-based interventions can improve many medical and mental health problems, including poor sleep, anxiety, depression, and stress reactivity [18] . These symptoms are all common in patients with opioid-treated CLBP and known to affect treatment outcomes in chronic pain [2, [18] [19] [20] [21] . Meditation has also been related to positive changes in the neural activity in several brain areas involved in adaptive stress, affect, and pain regulation [22, 23] , and both meditation and CBT have been shown to improve pain coping [24] [25] [26] . The beneficial effects of meditation practice can be sustained over time [27] .
Although meditation is frequently utilized by patients and clinicians to help alleviate the severity of CLBP and its sequelae, scientific evidence on its efficacy is limited and inconclusive in CLBP, and scarce in opioid-treated chronic pain [14, 18, 20, [28] [29] [30] . Only one randomized controlled trial (RCT, N ¼ 115) evaluated the benefits of a meditation-based intervention (Mindfulness-Oriented Recovery Enhancement) among patients with opioidtreated chronic pain conditions, showing both decreased pain severity and desire for opioids at 3 months in the intervention, compared with an active control group [14] . This RCT included patients who reported taking opioid medications on at least 5 days per week, however, the daily opioid dose was not assessed in this trial. Clinical experience and research evidence indicate the medical complexity (e.g., due to co-occurring multiple chronic conditions, especially mental health problems, and opioid-related adverse effects) tend to be opioid dose-dependent [4] [5] [6] [7] 19] . Therefore, it is important to measure the effects of an intervention in patients treated with moderate-to-high daily doses of opioids, as their therapeutic needs may differ from those who are treated with lower opioid doses, and to evaluate the effects of an intervention on the daily opioid dose in this patient population.
To address this gap, we conducted a pilot RCT (N ¼ 35) to evaluate feasibility, acceptability, safety, and potential efficacy of a targeted meditation-CBT intervention in this patient population. We hypothesized meditation-CBT would safely improve CLBP-related outcomes. This article focuses on the efficacy-related results.
Methods

Trial Design
This pilot study was a two parallel-arm 26-week RCT assessing experience with and effects of a meditation-CBT intervention, "Mindfulness for Chronic Pain," among patients with CLBP under long-term treatment with daily opioids. Detailed results on the feasibility, accessibility and safety will be presented elsewhere; briefly, the study methods, including the intervention, were found to be feasible, acceptable, and safe (unpublished data, 2015). All participants received usual care for CLBP throughout the study. Those randomly assigned to a control group (N ¼ 14) were eligible to receive the intervention after they completed the study (wait-list control group). Those randomly assigned to a meditation-CBT group (N ¼ 21) received the intervention in addition to their usual care. All participants were evaluated prior to the start of the intervention (baseline), immediately post-intervention (8 weeks), and 18 weeks post-intervention (26 weeks 
Participants
Potential participants were adults treated with long-term opioids for CLBP. The methods for participant identification were detailed elsewhere [31] . Briefly, potential participants were identified through the search of the University's Department of Family Medicine and Community Health electronic health record electronic health record (EHR) data for active patients (who were then sent a letter with an opt-out card), or were referred to the study by their clinicians or a self-referral, using the contact information from the study brochures mailed to the clinicians. Eligibility was determined by self-report, by phone. Eligible participants were at least 21 years old, fluent in English, reported having daily CLBP (lumbosacral area pain or "sciatica" leg pain) that had been treated by a clinician with daily opioid therapy (at least 30 mg/day of morphine-equivalent dose, MED) for at least 3 months, and had the ability to feel thermal sensations in both hands (required for pain sensitivity testing). Ineligibility was due to one or more of the following factors: prior experience with mindfulness meditation training or practice; inability to consent for or reliably participate in study activities; diagnoses of borderline personality, bipolar, or delusional disorders; or current pregnancy. Eligible and interested prospective participants were scheduled for an enrollment meeting.
Interventions
Usual care for CLBP and opioid therapy management was provided to all participants by their regular clinicians. Usual care includes pharmacotherapy, safety, and treatment progress monitoring, treatment agreements, and referral to specialty care, including physical therapy, and complementary therapies for pain and/or mental health [7] [8] [9] [10] .
Experimental group participants also underwent a manualized training in the meditation-CBT intervention (2 hours per week for 8 weeks), with each session focusing on a specific topic building on previous topics: Session 1-defining mindfulness meditation and autopilot, and understanding the relationship between autopilot and pain; Session 2-understanding triggers of auto-pilot reactions to pain and stressors, impact of our interpretation of events on thoughts, feelings, and behaviors; Session 3-bringing mindfulness into daily living; Session 4-maintaining mindfulness in challenging pain situations and staying present; Session 5-understanding acceptance and change, and its relation to perception of pain, using mindfulness as a way to cope; Session 6-understanding the connection between thoughts, pain, and auto-pilot reactions to pain; identifying unhealthy thought patterns (e.g., pain catastrophizing); Session 7-reducing vulnerability to pain-triggered auto-pilot reactions; understanding the importance of self-care and balance in life; Session 8-using mindfulness to support life balance; creating a support network; identifying barriers to seeking help. The mindfulness techniques taught during the intervention had a specific therapeutic focus and complemented each other to provide a well-rounded curriculum for learning how to apply mindfulness to coping with challenges associated with chronic pain. Breath meditations and the brief "pain wave surfing" exercise, adapted from the existing "urge surfing" technique [16, 17] , provided practice in bringing attention to the breath, with a nonjudgmental awareness of pain experience, without becoming engaged in catastrophizing, rumination, or other negative thinking about it. Similarly, body scan meditations and mindful movement (walking or stretching) provided practice in interoceptive awareness of pain while engaging in present-moment acceptance and non-judgment of this experience. SABER (Stop, Acknowledge, Breathe, Expand, Respond) mini-meditation, encouraged to use in the context of a challenging pain or other stressful situation, enabled mindful awareness of sensations, emotions, and thoughts, and facilitated a healthy, mindful response to the situation instead of relying on a habitual, often maladaptive, reaction. Lovingkindness meditation enabled practice of kindness and non-judgmental acceptance of self and one's chronic pain. In addition to the weekly sessions, participants were encouraged to practice formal mindfulness meditation (e.g., breath meditation, body scan meditation) at least 6 days per week for at least 30 minutes per day and to engage in daily, brief mindfulness practices through the duration of the study.
The meditation-CBT intervention was led by two psychologists experienced with pain patients (JS, SM), both with over 20 years of personal meditation practice and over 10 years of meditation teaching experience.
Study Procedures and Settings
The enrollment meeting for eligible, interested individuals and the in-person study assessments took place at the UW Clinical Research Unit (CRU) and were conducted by the research coordinator. At the initial meeting, participants were first enrolled, and then completed baseline data collection, before being randomized. Participants in the experimental arm were then scheduled for the intervention, and controls were reminded about being able to receive the intervention after their study completion. Participants received a financial renumeration for their effort to complete the assessments (up to $180) and for travel to attend the intervention sessions (up to $80 in gasoline cards).
Outcome Measures
Details of measures related to feasibility, acceptability, and safety will be described elsewhere. Efficacy-related data were obtained at baseline, 8 weeks, and 26 weeks. Outcome measures were selected based on existing recommendations, including IMMPACT guidelines, for efficacy trials in chronic pain and CLBP [32] [33] [34] [35] , with pain Meditation for Opioid-Treated Chronic Back Pain intensity and CLBP-specific function ratings serving as primary outcomes. During each assessment session, three types of measures were collected: 1) self-reports of pain, function, general psychological and physical health, medication and other substance use; 2) biomarkers (urine specimens for toxicology testing; venous blood for biomarkers); and 3) pain psychophysics.
Self-Reported Measures
Pain intensity was assessed using the four-item pain severity subscale from the validated Brief Pain Inventory [36] , inquiring about "current" and past-week "average, worst and least" pain severity, rated on a 11-point Numerical Rating Scale (NRS; 0 ¼ no pain, 10 ¼ "pain as bad as you can imagine"). The NRS is reliable and valid in CLBP [37] , with its "minimal important change" (MIC) determined as a 1-point between-group difference [33, 34] . An average of the four ratings was used for analyses as recommended for pilot studies [38] .
Physical function (disability) was measured using the 10-item validated Oswestry Disability Index (ODI) [39] . The ODI is reliable, responsive to change [35, 40] , with its total score (0-100) reflecting the percent of CLBP-related disability "today." A 4-to 10-point score reduction constitutes its MIC [33, 34] .
Daily opioid dose of prescription-based opioids (both legitimately prescribed and illicitly obtained) for "the past 28 days" were collected via self-report and verified against medication bottle information (medication name, strength per unit, number of units taken per day), using the Timeline Followback (TLFB) method, a validated, reliable measure of daily substance use [41, 42] . Doses of all opioids were converted to a MED (mg/day), by multiplying daily dose of a given opioid by the published conversion factors, as described elsewhere [31] .
Psychological health was assessed by 1) the 20-item Chronic Pain Acceptance Questionnaire (CPAQ), which is valid and reliable in chronic pain, and measures the propensity toward an acceptance pain-coping (the composite score ranges from 0-120 points, with higher scores ¼ better pain acceptance) [43, 44] ; 2) the 15-item Mindful Attention Awareness Scale (MAAS) [45] , which appears valid and reliable in chronic pain [46] , and measures the degree of mindfulness (the composite score is calculated as the average score of all responses, with higher value ¼ higher degree of mindfulness or ability to focus on present-moment experiences); and 3) the 10-item Perceived Stress Scale (PSS) [47] [48] [49] , which has good reliability and validity, and measures the severity of perceived stress in the "past month" (the composite score ranges from 0 to 40, with higher score ¼ greater perceived stress).
Additional questions on demographics, and duration of back pain and opioid therapy, and home practice of mindfulness meditation were also included.
Biomarkers
To assess the potential biological effects of the intervention, serum levels of C-reactive protein (CRP) and four pain-related, inflammatory cytokines were determined. CRP level was measured by the UW Hospital Laboratory using the nephelometry method (Dimension Vista System, Siemens Healthcare Diagnostics, Inc., Marburg, Germany). Cytokine concentrations were determined in duplicate by multi-array with an electrochemiluminescence platform (Meso Scale Discovery, Gaithersburg, MD). The panel included interleukin-1beta (IL-1ß), tumor necrosis factor-alpha (TNFa), interleukin-6 (IL-6), and interferon-gamma (IFN-c). The lower limits of cytokine detection were: 0.1, 0.1, 0.2, and 0.4 pg/mL, respectively.
Pain Psychophysical Testing
Pain sensitivity to thermal stimuli was assessed using previously described psychophysical procedures [50, 51] . Thermal stimuli were applied to the thenar eminence of the right hand using a Medoc TSA-2001 Thermal Sensory Analyzer with a 900 mm 2 Peltier thermode (Medoc Advanced Medical Systems, Ltd., Ramat Yishai, Israel). Participants were randomly presented seven temperatures, each one for 8 seconds, with 1 minute separating each stimulus, ranging from 43 to 498C in 18C increments. Each temperature was presented twice for a total of 14 stimuli. The baseline temperature for heat testing was 328C and the temperature increased at a rate of 88C per second. Each stimulus was rated on two separate, validated 0-20 categoryratio scales assessing pain intensity and unpleasantness [52] . Standardized instructions were given to all participants prior to pain sensitivity testing. Participants were not directed to meditate or to utilize any particular coping techniques during psychophysical pain testing.
Other
Participants' weights and heights were measured at study entry and enabled calculation of a body mass index (BMI), defined as weight (kg)/squared height (m 2 ). For participants in the experimental arm, data on mindfulness meditation practice at home were collected from the participant-completed logs, detailing practice minutes/day and number of practice days/week; these data enabled a calculation of weekly minutes of formal practice. Participants were asked to log their practice minutes daily during the intervention, then log the average weekly values during the follow-up period.
Sample Size and Randomization
The goal was to enroll 10-25 participants per arm (1:1 ratio) to a total of 20-50 participants within the allotted recruitment period prior to the intervention start date.
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Therefore, 52 randomization envelopes were prepared by a study statistician using the Minitab V R Version 12 software and placed in sealed envelopes, blind to the researchers and participants. Envelopes were opened by participants in consecutive order after the completion of baseline assessments.
Blinding
Participants, intervention instructors, and outcome assessors were not blinded to the group assignment.
Statistical Methods
The data were double-entered and managed using the RedCap TM (version 5.1.1) electronic secure database hosted at our institution. Analyses were carried out using the IBM SPSS Statistics (version 21) and R (version 2.15.1) programs. Descriptive statistics summarized the variables and their change at all time points. A twotailed test, with P < 0.05 was considered statistically significant. Due to the pilot nature of this study, no correction for multiple comparisons was applied.
Primary Analyses
To assess efficacy of the intervention on self-reported and biomarker outcomes, a repeated measures analysis (linear mixed model) evaluated longitudinal betweengroup effects, using an intention-to-treat (ITT) approach. A "difference score" (score change of a given outcome measure from baseline to the follow-up assessment) was used to account for potential differences between the groups on baseline measures. The linear mixed model included "participant" as a random effect, and produced estimates and 95% confidence intervals (CIs) of the between-group contrasts at each follow-up time point; Cohen's d additionally assessed the magnitude of effect size for between-group comparisons of longitudinal change. Given the range of thermal stimuli used for pain sensitivity testing, differences in sensitivity were evaluated by estimating and comparing the slope of the relationship between pain ratings and stimuli temperatures for each group using a linear mixed model with a quadratic effect included for temperature, an effect for time, and random effects for subject. The rationale for selecting this model was based on our aim to compare the groups on their overall pain sensitivity rather than sensitivity to individual temperatures, and on the anticipated shape of the curve representing the relationship between pain ratings and stimulus intensity (i.e., temperature). A random quadratic model was fit for each subject and the marginal treatment effects were compared. Maximum likelihood models were fit via the R software package lme4 [53, 54] , and P values were based on a likelihood ratio test. Post hoc comparisons were carried out at each time point (i.e., 8 and 26 weeks) using a similar approach with a random effect for subject.
Secondary Analyses
Within-group change from baseline to a follow-up assessment was evaluated using estimates and 95% CIs. Comparisons between the groups at a given time point on "difference scores" were carried out using nonparametric Wilcoxon tests for independent samples.
Exploratory analyses assessed the relationship between the changes in outcome measures (pain severity, disability, daily opioid dose) and explanatory variables using a bivariate Spearman correlational analysis and the potential "dose-response" effects of the intervention. To assess the latter, participants were categorized as either "consistent" meditators (!150 minutes/week of formal meditation practice during at least 2/3 of the study) or "inconsistent" meditators <150 minutes/week of practice during at least 2/3 of the study); the cut off of 150 minutes/week was chosen as it represented over 80% of the recommended weekly practice. Comparison of outcomes between consistent and inconsistent meditators and the controls were conducted using the Mann-Whitney-Wilcoxon Test for independent samples, and within-group comparisons (i.e., change from baseline) were conducted using the related-samples Wilcoxon Signed Rank Test.
Results
Participant Recruitment and Flow
Screening of the EHR database identified 264 potential participants who were then sent an invitation letter with an opt-out card. Forty additional individuals were acquired by patient or clinician referral. Of the total 304 potential participants, 134 opted out (53 by mail, 81 by phone), 84 were unreachable, and 87 were screened. Among the screened adults, 39 were ineligible, 13 were eligible but declined participation, and 35 were eligible and enrolled: 21 in the meditation-CBT and 14 in the control group ( Figure 1) ; this unequal randomization was explained by the fact that 52 randomization envelopes were prepared, but only 35 participants were enrolled during the allotted recruitment/enrollment timeframe (10 weeks, January to March 2013) prior to the study intervention start date in March 2013. No participant withdrew from the study. They all provided baseline and at least one set of follow-up data on primary outcomes. Therefore, primary outcome data from all 35 participants were analyzed (Figure 1 ). Only anticipated, mild and self-limited mild side effects were reported by the participants.
Baseline Characteristics
Baseline socio-demographic characteristics of the sample have been presented in detail elsewhere [31] . Briefly, participants were on average 51.8 6 9.7 years old, predominantly white women. Approximately one-third were unemployed. The majority was receiving disability-related benefits from the Social Security Administration and had an individual annual income not exceeding $15,000 [31] .
Meditation for Opioid-Treated Chronic Back Pain
They reported low back pain for 14.2 6 10.1 years and were treated with opioid therapy for 7.9 6 5.7 years [31] . On average, their BMI (33.8 6 10.8 kg/m 2 ) was in the obese category. The two groups did not differ at baseline on these above factors (P > 0.05).
As shown in Table 1 , participants at baseline rated their pain severity at 5.8 6 1.4 points and all endorsed severe, crippling, or bed-bound back pain-related disability (ODI score: 66.7 6 11.4). This persistent pain was present despite high, on average, daily dose of opioid therapy (148.3 6 129.2 mg/day of MED; median: 105.1). At baseline, the meditation-CBT group endorsed more severe pain, a higher degree of mindfulness, and lower perceived stress than controls (P < 0.05). Baseline CRP and cytokine levels ( Table 1) and pain sensitivity measures (intensity and unpleasantness ratings to thermal stimuli) did not differ between the groups (P > 0.05). 
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Primary Analyses-Between-Group Differences over Time
ITT repeated measures analysis evaluated longitudinal changes in outcomes, providing information on the efficacy of the intervention.
Self-Reported Outcome Measures
Self-reported outcome measures (Table 2) : Compared with controls, the meditation-CBT improved the averaged pain ratings across the study (P ¼ 0.045; Figure 2 ); on average, the meditation-CBT reduced the No other statistically significant betweengroup differences were noted over time (P > 0.05) in self-reported measures, although the between-group changes in physical function and pain acceptance scores trended in the hypothesized direction ( Figure 2 ). Meditation for Opioid-Treated Chronic Back Pain
Biomarker Profile
Biomarker profile (Table 2) : Repeated measures analysis did not indicate statistically significant between-group differences in CRP or cytokine levels over time.
Pain Psychophysical Testing
One participant in the meditation-CBT arm declined the pain sensitivity testing at all time points. The remaining 34 participants provided baseline pain sensitivity data; among them, 22 participants (15 meditation-CBT, seven control) completed both follow-up testing, and 11 (four meditation-CBT, seven control) completed either the 8-or 26-week testing (Figure 1 ). Using a linear mixed model, the overall test of treatment effect for intensity at any follow-up was statistically significant (P ¼ 0.0011). For unpleasantness, the overall test of treatment effect at any follow-up was statistically significant (P < 0.0001). As shown in Figure 3 , a significant difference in the slopes of the quadratic functions estimating the relationship between stimulus intensity (temperature) and pain ratings was found at 8 weeks between the two groups for both pain intensity (P ¼ 0.024) and unpleasantness (P ¼ 0.003). The difference indicated reduced pain sensitivity in the meditation-CBT group. The benefit conveyed by the slopes was maintained at 26 weeks, with significant differences between groups still evident for both pain intensity (P ¼ 0.049) and unpleasantness (P ¼ 0.028).
Secondary Analyses-Within-Group Change over Time
To help explain findings of the outcome analyses, a longitudinal within-group change from baseline to each of the two follow-up assessments was evaluated for selfreported and biomarker measures ( To evaluate the possible influence of the extent and the consistency of formal meditation practice, change in outcome measures was compared between consistent and inconsistent meditators, and the controls (Figure 4 ). There were no statistically significant differences in the change in self-reported and biomarker measures between the consistent and inconsistent meditators at 8 and 26 weeks (Mann-Whitney U test). However, when compared with controls, the consistent meditators had a greater decrease in pain ratings (P ¼ 0.026) at 26 weeks.
The inconsistent meditators showed a transient improvement in pain severity ratings only at 8 weeks relative to controls (P ¼ 0.038; Figure 4A ). Despite the illustrated differences between consistent meditators and the other two groups on the physical function and pain acceptance scores (portrayed in Figure 4A ), and on the sensitivity Results for between-group difference in change from baseline to 8-or 26-week follow-up are presented as mean (95% Confidence Interval, CI) and Cohen's d effect size. P value refers to the results of repeated measures analysis (linear mixed model), comparing the change in outcomes between the groups from baseline through 26 weeks.
data ( Figure 4B ), the between-group comparisons of the scores and the slopes of the quadratic regressions between thermal stimulus intensity and both pain intensity and unpleasantness ratings, respectively, were not significantly different between groups (P ! 0.05).
Spearman correlations: At 8 weeks, the reduction in disability correlated with a reduction in perceived stress (r ¼ 0.76; P < 0.001) and increased mindfulness (r ¼ -0.56; P ¼ 0.010) in the meditation-CBT group. In the control group, only one correlation was of marginal significance at 8 weeks (between changes in disability and stress scores, r ¼ 0.52; P ¼ 0.057). At 26 weeks, no statistically significant correlations were found between main and explanatory outcome measures in either group.
Discussion
Our 26-week pilot RCT indicates efficacy of the meditation-CBT intervention, when delivered as an adjunct to usual care, for reducing pain severity ratings and sensitivity to experimental nociceptive stimuli. A potential dose-response relationship between amount and consistency of meditation practice and the intervention benefits was also observed.
The statistically significant reduction in the severity of pain symptoms is encouraging and suggests meditation-CBT may offer benefits extending beyond the effects of each modality alone. This finding concurs with a RCT of a similar intervention for 115 patients with opioid-treated chronic pain, Mindfulness-Oriented Recovery Enhancement (MORE) [14] . This RCT found that MORE decreased pain severity (P ¼ 0.038) and interference (P ¼ 0.003) at a 3-month follow-up as compared with an active control [14] . Interestingly, the average reduction in pain severity by 0.67 points in the MORE group was similar to that noted in our study. 
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Research and Quality's meta-analysis found moderate strength of evidence for small effect of mindfulness interventions for decreasing pain when compared with a nonspecific active control (SMD ¼ 0.33; 95% CI: 0.03, 0.62) and low strength of evidence for "no effect" when compared with a specific active control [18] . Although CBT is considered a standard of care therapy in CLBP, it is supported by relatively limited empirical evidence [10] . A 2010 
Results are presented as mean difference score (95% confidence interval, CI).
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Cochrane Collaboration review [55] found moderate quality evidence that a "combined behavioral therapy," such as CBT, when compared with usual care, was effective for pain relief in the short-term (SMD ¼ -0.60; 95% CI: -0.97, -0.22), but not in the long-term or for improving functional status in CLBP, conclusions consistent with those of a recent systematic review [56] . Evidence on positive effects of CBT for opioid-treated populations is even more limited but promising [10, 14, [55] [56] [57] . When combined, meditation and CBT could capitalize on gains attributable to each modality and safely achieve additive effects [25] , which may persist long-term with continued meditation practice [27] .
There is very limited research on the long-term effects of opioids in chronic non-cancer pain [8, [58] [59] [60] . However, some studies suggest long-term opioid therapy may worsen pain [61] and disability [62] . Our study participants were, on average, treated with high-dose opioids at baseline; yet, they reported substantial daily pain and severe physical disability, which may indicate a lack of efficacy of opioids as well as hyperalgesia. Therefore, opioid dose reduction could potentially improve outcomes, especially if opioid-induced hyperalgesia played a role. Although we did not find a statistically significant decrease in the use of opioid medications during this study, it is plausible that a significant opioid dose reduction could be found with a longer follow-up period or larger sample size. Reduced desire for opioids, noted by Garland et al. in an RCT of the MORE intervention for opioid-treated chronic pain [14] , and discontinuation of opioid therapy by four participants with opioid-treated chronic pain after the CBP intervention in a small pre-post clinical trial (N ¼ 22) [57] , lend support to such hypothesis. Decreased reliance on and use of opioids by chronic pain patients could reduce Meditation for Opioid-Treated Chronic Back Pain the dose-dependent risk of opioid therapy and lessen a societal problem of prescription opioid abuse [59, 61] . Development and testing of new, non-opioid therapies, such as meditation-CBT intervention, is critical to safely improve outcomes in this population.
Psychophysical measures of pain sensitivity take a step beyond self-report to begin addressing potential mechanisms underlying efficacy of meditation-CBT in this population. Current perspectives on the mechanisms of chronic pain, particularly in conditions without clear peripheral pathology, suggest that chronic pain symptoms can be maintained by a combination of augmented processing and reduced descending regulation of sensory information [63] . However, it is currently unknown whether reductions in neural sensitivity translate into improved clinical outcomes. Our findings of decreased pain sensitivity to noxious thermal stimuli, observed at 8 and maintained at 26 weeks, suggest the meditation-CBT intervention reduced CNS sensitivity and hyperalgesia, concomitant with improved clinical outcomes among opioid-treated CLBP patients. These findings are consistent with previous research demonstrating improved pain sensitivity and regulation with meditation [23, [64] [65] [66] , and extend them to opioid-treated chronic pain patients. Future studies, incorporating more direct measures of central sensitivity and/or pain modulation as well as clinical measures are needed to better evaluate the effects of this intervention.
Although the improvements in physical function, pain acceptance, and the inflammatory biomarker profile (including CRP) did not reach a statistical significance, they tended to favor the meditation-CBT group (smallto-moderate Cohen's d effect sizes). Our findings suggested the improvements in pain acceptance (as measured by the CPAQ) rather than changes in the mindfulness scores (as assessed by the MAAS) contributed to treatment efficacy. This is consistent with the goals of meditation-based interventions, which target adaptive pain coping [67] . Though these results provide promise, they should be considered tentative, requiring further testing in future, larger studies.
Limitations, Generalizability
Lack of blinding of participants and the study personnel, and self-selection of participants to the study of meditation-based intervention may have introduced bias. A "placebo effect" could favor positive outcomes in the meditation-CBT group, and the experimental design would have benefited from an active comparison group. The design did not permit untangling of the specific (i.e., meditation-CBT components) versus non-specific (e.g., placebo, therapist contact, peer-group support) effects of the intervention. However, the change in multiple domains of outcomes was well aligned with the hypothesized effects of the meditation-CBT intervention. Moreover, the magnitude of change was related to the "dose" of at-home meditation practice, suggesting that the intervention enactment influenced outcomes. This hypothesis is supported by qualitative comments from participants (authors' unpublished data), andindirectly-by the unfavorable natural history and poor treatment effects of "usual care" in chronic back pain [68, 69] . Small sample size, combined with the above limitations, preclude drawing final conclusions about the full scope of intervention's effects on outcomes in opioid-treated CLBP.
Future Directions
Development of new effective therapies is critically needed for patients with opioid-treated CLBP, which is often refractory to existing treatments and considered one of the most challenging conditions in clinical practice [68, 70] . Findings of this pilot RCT, favoring the meditation-CBT over control group, call for further evaluation of the meditation-CBT intervention. Future studies are needed to better understand effects and mechanisms of action of meditation and/or CBT as therapies for opioid-treated CLBP, and to evaluate new modes of intervention delivery beyond a traditional inperson approach that can limit treatment access/engagement among patients affected by physical disability. These pilot-level data offer promise that the positive effects of meditation-CBT on clinical outcomes may translate into a reduced need for and use of opioid analgesics, a hypothesis that should be tested by future long-term trials.
Conclusions
Mindfulness meditation and CBT-based interventions have the potential to safely reduce pain severity and sensitivity in patients with opioid-treated CLBP. With substantial and growing interest of chronic pain patients in meditation and other integrative and complementary health modalities, more research is needed so that these interventions, if proven effective, can gain coverage by health care plans and be more available to patients.
